We have performed a thermodynamic assessment of the As-Zn and As-Ga-Zn systems. The systems are assessed based on the CALPHAD method and using available first principles and experimental data. Using the optimized set of parameters found in this work, the calculated As-Zn binary phase diagram, isoplethal sections and the monovariants lines of the As-Ga-Zn ternary system are presented. The comparison of the calculated diagrams with the experimental and first principles data shows good agreement.
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Introduction
III-V semiconductors have attracted considerable attention due to their applications in fabrication of electronic and optoelectronic devices such as light emitting diodes and solar cells. The electrical properties of these semiconductors can be tuned by adding impurity atoms. Zinc is a common p-type dopant in the III-V semiconductor GaAs. It can be incorporated in GaAs either by adding it to the gas phase during the MetalOrganic Chemical Vapor Deposition (MOCVD) growth or after the growth via diffusion [1] . The knowledge of the phase equilibria of the As-Ga-Zn system can be of importance to understand the doping mechanisms during growth of Zn-doped GaAs.
The phase equilibria of this ternary system have been investigated in several studies [2, 3, 4, 5, 6] . The liquidus isotherms have been calculated using the regular solution model by Panish [3] and by Jordan [7] . However, there has been no CAL-PHAD modeling [8] of this ternary system. In this work we have assessed the phase diagram of the As-Ga-Zn system based on the CALPHAD technique using the available experimental data.
To assess a ternary system within this methodology, one requires the description of the binary sub-systems. We used the thermodynamic description of the As-Ga and Ga-Zn systems assessed by Ansara et al. [9] and Dutkiewicz et al. [10] , respectively. Because the thermodynamic description of the As-Zn binary system was lacking in the literature, this system was also assessed in the present work.
The structure of the present manuscript is as following. First, available literature data on the As-Ga, Ga-Zn and As-Zn binary systems and the As-Ga-Zn ternary system are discussed. Next, the choice of thermodynamic models adapted for the existing phases in the As-Ga-Zn system will be motivated. Finally, the calculated phase diagram of the As-Zn binary system and isoplethal sections and liquidus projection of the As-Ga-Zn ternary system will be presented and compared to the literature data.
Literature data

Binary systems
As-Ga:. In the As-Ga system, there are three solution phases, liquid, (Ga) and (As) and one stoichiometric phase, GaAs, with zinc-blende structure which melts congruently at 1510 K. There is a eutectic reaction at 1067 K and about 5.0 at.% Ga and a degenerate invariant reaction at 303 K and 100 at.% Ga. The system was assessed based on the CALPHAD method by Chatillon et al. [11] . They used the available phase diagram and thermochemical data for the assessment and proposed three sets of optimized parameters to calculate the phase diagram. The Garich side of the phase diagram was satisfactorily reproduced using all parameter combinations. But, the parameter set which resulted in the most satisfactory fit in the As-rich side of the phase diagram with the least number of optimized coefficients was recommended. Later, this parameter set was reported by Ansara et al. [9] in the development of a consistent database for III-V binary compound semiconductor systems. The calculated As-Ga phase diagram using the recommended parameter set is shown in Fig 1-a. Ga-Zn:. This binary system is a simple eutectic system consisting of three solution phases: liquid, hcp and (Ga). The eutectic reaction occurs at 298 K and about 4.0 at.% Zn. In the present work the parameters optimized by Dutkiewicz et al. [10] are used. The calculated Ga-Zn binary phase diagram is shown in Fig. 1-b .
As-Zn:. Okamoto summarized most of the available experimental measurements on the As-Zn system and constructed the phase diagram based on these data [12] . There are two stoichiometric phases in the As-Zn binary system. Both these stoichiometric phases, As 2 Zn and As 2 Zn 3 , melt congruently; at 1043 and 1288 K, respectively. The As 2 Zn phase has a narrow homogeneity range. The homogeneity range of the As 2 Zn phase was determined by Lazarev et al. [13] to be between 33.0 and 33.5 at. % Zn.
Heike [14] assessed the system over the whole composition range using thermal and microscopic analyses. There are three eutectic reactions in this system at compositions of 21.0, 41.0 and ∼ 99.8 at.% Zn and at 996, 1023 and 692 K, respectively. The As 2 Zn 3 phase undergoes two polymorphic transformations; β-As 2 Zn 3 ↔ α -As 2 Zn 3 at 924 K and α -As 2 Zn 3 ↔ α-As 2 Zn 3 at 463 K (according to Okamoto [12] and based on Ref. [14] ). Greenberg et al. [15] studied the β ↔ α reaction by means of static vapor pressure measurements and declared that it occurs in the temperature range of 937 to 948 K. They also pointed out that the transition is incongruent with the composition change of 0.01 at.% towards the As-rich side.
Lazarev et al. [16] also performed differential thermal analysis on this system. Their measured liquidus temperatures at low concentrations of As (at about 12 and 20 at.% As) are considerably higher than the registered temperatures by Heike [14] . However, at higher concentrations of As, the agreement with Heike [14] is acceptable.
Friedrich and Leroux [17] measured the system at high compositions of Zn (89.4 to 99.5 at. % Zn). The determined eutectic temperature by Friedrich and Leroux close to the Zn corner agrees very well with that of Heike [14] but the liquidus temperatures are substantially higher.
In the most recent study of the thermodynamics of the As-Zn system, Yamaguchi et al. [18] measured the heat content of the liquid phase by drop calorimetry at the concentration range of 52.0 to 96.0 at. % Zn and the temperature range of 800 to 1450 K. They determined the liquidus temperatures for this composition range as the deflections of the heat content curves. Unfortunately, the heat content data are not tabulated which made it impossible to use them. However, the authors suggested the possible presence of the associates in the liquid phase based on the V-shaped enthalpy of mixing which was calculated from the heat content data.
Lyons [19] measured the dissociation pressure of As 2 Zn in the range of 885 to 1043 K by means of the dew-point and the triple-point methods. The author extrapolated the melting point of the compound to be 1041 K at As pressure of 3.3 atm. Schoonmaker and Hemmerman [20] studied the vaporization of As 2 Zn 3 using the torsion effusion method. They discussed that As 2 Zn 3 sublimates congruently.
There is no experimental data (to the best of our knowledge) on the temperature dependency of the heat capacity of compounds. The calculated enthalpy of formation of the As 2 Zn and As 2 Zn 3 phases using first principles [21] is used for the assessment.
Ternary System
The As-Ga-Zn ternary system has been measured in several studies. Köster and Ulrich [2] investigated three isoplethal sections GaAs-Zn, GaAs-As 2 Zn and GaAs-As 2 Zn 3 (see Fig. 4 ). Based on their differential thermal analysis and X-ray diffraction results, they suggested that all these vertical sections are quasi-binary.
In a later study, Panish [3] measured the GaAs-Zn cut of the ternary phase diagram. The X-ray diffraction measurements showed that three primary phase fields, GaAs, As 2 Zn 3 and Zn will be precipitated on cooling along the GaAs-Zn cut. It was suggested that the presence of the As 2 Zn 3 phase has not been observed by Köster and Ulrich [2] in samples with high concentration of GaAs due to the small sizes of their samples. Panish also determined the liquidus and the phase transition temperatures using the differential thermal analysis. The temperatures were slightly lower than those measured by Köster and Ulrich [2] . In a separate study [4] , Panish measured the GaAsAs 2 Zn 3 cut of the phase diagram. It was in a good agreement with the results of Köster and Ulrich [2] except for in the vicinity of 1473 K. It was concluded that the error has been caused by the imposed thermal gradient (100 K hotter in the gas phase) by Köster and Ulrich [2] to prevent the condensation of arsenic. He calculated the liquidus curves using the regular solution model. He also determined the solid solubility of Zn in GaAs for 1000
• C isotherm to be 3.5 × 10 20 at/cm 3 at the composition of 40.0 at.%Zn along the GaAs-Zn cut.
Pelevin et al. [6] performed differential thermal analysis and X-ray diffraction measurement on the compositions along the GaAs-Zn cut of the As-Ga-Zn phase diagram. In agreement with the results of Panish [3] , they observed the presence of As 2 Zn 3 for samples with compositions larger than 40.0 mol% GaAs. However, in the temperature range 883-918 K, they observed two thermal effects and associated those with the polymorphic transformation of As 2 Zn 3 , while only one thermal effect was observed by Panish [3] .
Shih et al. [5] measured the partial pressure of As and Zn along the 900, 1000 and 1050
• C isotherms of the As-Ga-Zn phase diagram using an optical adsorption method. They determined the activity coefficients of the components which were found to be in agreement with the Gibbs-Duhem equations.
Tuck [22] calculated the solid solubility of Zn in GaAs at 1000
• C based on the experimental data and using the calculated concentration of point defects. It was concluded that the solubility of Zn in GaAs is less than 1.0 at.% which is equivalent to the maximum concentration of 3.8 × 10 20 at/cm 3 . Moreover, the deviation from the stoichiometry was calculated to be 0.0039 at.%As.
Gibbs Energy Models
In this section, the Gibbs energy models of the phases in the As-Ga-Zn system are described. The crystal structure of the solid phases and the adapted Gibbs energy model of all phases are summarized in Table. 1.
Pure elements and stoichiometric phases
The molar Gibbs energy, G m , of an elemental phase θ is described by a function of temperature as: Yamaguchi et. al. [18] Figure 1: (a) The calculated As-Ga binary phase digram using the parameters given in [9] . (b) The calculated Ga-Zn binary phase digram using the parameters optimized in [10] . (c) Calculated phase diagram of the As-Zn system using the optimized parameters in the present work. The experimental data points are superimposed on the diagram. (d) Calculated enthalpy of formation of compounds in the As-Zn system. The enthalpy values from first principles calculations [21] are marked on the plot (with red circles). The calculated enthalpies from the presents assessment are shown with hollow circles. The dashed line is only a guide to the eyes.
where H SER is the enthalpy of the element in its reference state, i.e. its stable form at 298.15 K and 1 bar. The a i coefficients are taken from the SGTE (Scientific Group Thermodata Europe) thermodynamic database [30] 1 . In Table 2 , the Gibbs energies of pure elements used on the present assessment are listed.
The Gibbs energy of the stoichiometric phases will have the same form as Eq. 1 if heat capacity of the compound is mea-sured as a function of temperature (ex. the GaAs phase). If there is no data on the heat capacity of the phase, as is the case for the As 2 Zn 3 and As 2 Zn phases, the heat capacity is the weighted average of the heat capacities of the end members. Hence, only a linear temperature dependency of the Gibbs energy of formation from the constituent elements was taken into account based on the Kopp-Neumann rule:
where a 0 and a 1 are the coefficients to be optimized. The b i coefficients are the stoichiometric ratios.
In the case of As 2 Zn phase, the solubility of arsenic on the zinc sublattice is taken into account and the compound is modeled with a two-sublattice model as (As) 2 (As,Zn). Figure 2: Calculated liquidus projection of the As-Ga-Zn ternary system with 50 K increment in temperature. The measured temperatures are superimposed on the diagram by symbols: diamond [2] , square [3] and triangle [4] . The ternary invariant (eutectic 'E' and peritectic 'P') reactions are also marked.
Solution phases
In a solution phase all species are mixing on only one sublattice. There are four solution phases in the As-Ga-Zn system: liquid, (Ga), (As) and hcp. The Gibbs energy of a ternary solution phases is described by:
where the first term is the surface of reference, the second term is due to the configurational entropy and y m is the site fraction of the phase constituents. The two last terms are the excess energy terms in which L i, j and L i, j,k are the binary and ternary interaction parameters, respectively. The composition dependence of the interaction parameters is expressed as:
Unless there is data on the excess heat capacity, v L i, j and v L i, j,k are either temperature-independent or mostly only linearly dependent on the temperature.
There are two points that are to be discussed regarding the Gibbs energy models of the liquid and the hcp phases.
First, based on the heat content measurements of the liquid phase in the As-Zn system by Yamaguchi et al. [18] , there is short range ordering in the liquid phase. It means that the liquid phase has a high tendency to form the molecules of the solid phase at the composition of the minimum enthalpy of mixing (at about 60 at.% Zn). Thus, the associate-solution model was adapted for the liquid phase: (As, As 2 Zn 3 , Zn) in the As-Zn binary system and correspondingly (As, As 2 Zn 3 , Ga, Zn) in the As-Ga-Zn ternary system with As 2 Zn 3 as the associate.
Second, in some databases (e.g. COST 507 [31] ), the Zn solid phase is modeled as HCP-ZN. Since zinc has an abnormal c/a ratio (1.86) with respect to the ideal ratio of the hexagonal close-packed structure (1.63), in the development of the mentioned database, it was assumed that a separate model should be used for this phase. However, Schmid-Fetzer and Hallstedt [32] recommended that this phase should be modeled as a hexagonal close-packed phase using the HCP-A3 model. Following their recommendation, in the current assessment the adapted model for the solid-Zn is HCP-A3. 
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Results and Discussion
The optimization of the parameters was carried out using the PARROT optimizer [33, 34, 35] of the Thermo-Calc software [36] . The Gibbs energy functions and the interaction parameters of all phases in the As-Ga-Zn system are summarized in Table 3 .
As-Zn binary system:. The As-Zn system was assessed using the available experimental data of Heike [14] , Yamaguchi et al. [18] , Lazarev et al. [16] , Friedrich and Leroux [17] , Lazarev et al. [13] and Lyons [19] .
The As-Zn binary phase diagram is calculated and compared to the experimental data in Fig. 1-c . There is a good agreement between the measured invariant, polymorphic transformation and congruent melting temperatures and compositions. Because the liquidus temperatures measured in different studies do not agree very well with each other, it was attempted to find the best fit to Ref. [14] . The optimization of the Gibbs energy model parameters is done using the least-square fitting. The optimizer tries to minimize the sum of the squares of the residuals (the difference between the calculated and the experimental values). Within this procedure, every piece of experimental data can be given a certain weight according to its reliability. The more reliable data is given a higher weight. Therefore, the weights of the experimental data were adjusted in a way that a higher weight was given to the data of [14] , [18] and [16] which were in agreement with each other. The highest weight was given to the data set by Heike [14] and the lowest weigh was given to the data by Friedrich and Leroux [17] .
Yamaguchi et al. [18] measured the heat content of liquid phase in the composition range of 52.0 to 96.0 at.% Zn but since the measured heat contents are not tabulated in the corresponding reference, only the reported liquidus temperatures (the deflections of the heat content curves) were used for the optimization. The determined temperatures by Yamaguchi et al. are lower than those reported by Heike [14] up to 20 K. Therefore, a lower weight was given to liquidus data of Yamaguchi at al.
Modeling the liquid phase using the associate model helped to fit to the liquidus temperatures but the minimum of the enthalpy of mixing occurs at higher As concentration when using our optimized parameters as compared to Yamaguchi's calculations [18] (See Fig. A.5 ). The authors believe that the liquid phase should be further optimized and this requires experimental data on the mixing characteristics. Fig. 1-d shows the calculated enthalpy of formation of stoichiometric phases in the As-Zn system. The calculated values from first principles [21] , which wre used as experimental inputs for the assessment, are also marked on the plot.
As-Ga-Zn ternary system:. To the best of our knowledge, there is no previous CALPHAD modeling of the As-Ga-Zn ternary system. In this work, we extrapolated the ternary phase digram from the sub-binaries As-Ga [9] , Ga-Zn [10] and AsZn (this work) using the Muggianu extrapolation method. The calculated diagram was compared to the available experimental data [2, 3, 4, 6] . The extrapolated phase diagram was in fairly good agreement with the experimental data and only slightly off in the calculated temperatures. Therefore, the description of the Table 3 : Gibbs energy functions and interaction parameters of the As-Ga-Zn ternary system. 0 G θ x Gibbs energies are taken from the SGTE unary database [30] . The energy values are in J/mole.
Phase
Gibbs energy/Thermodynamic parameters Ref. As 2 Zn G As:As = 38.3 T + 3G
Liquid
S ER As
This work 
S ER Zn
This work α-As 2 Zn 3 G As:Zn = −13700 + 1.896 T + 0.4G
S ER
As + 0.6G
S ER Zn
This work β-As 2 Zn 3 G As:Zn = −4540 − 14.98 T + 0.4G
S ER
S ER Zn
This work liquid phase was optimized by adding two interaction parameters to obtain a better fit to the measured data. There is no data on the solubility of gallium in zinc arsenide compounds and according to Tuck [22] , the solubility of zinc in GaAs is less than 1 at.%Zn. Thus, no solubility of the third element in the binary phases is taken into account. The liquidus projection of the As-Ga-Zn system is shown in Fig. 2 . There are six regions of primary crystallization: (As), (Ga), hcp, GaAs, As 2 Zn 3 and As 2 Zn. This ternary system consists of three congruently melting binary compounds and there are only eutectic reactions in the constituting binaries.
The measured liquidus temperatures along the GaAs-As 2 Zn cut by Köster and Ulrich [2] , the GaAs-Zn cut by Panish [3] and the GaAs-As 2 Zn 3 cut by Panish [4] are superimposed on the liquidus projection diagram (Fig. 2) . There is a very good agreement between the measured and the calculated values.
The schematic of the monovariant and invariant reactions of the As-Ga-Zn ternary system is illustrated in Fig. 3 . For the quasi-binary eutectic reactions (marked by 'e'), the maximum temperature is mentioned. There are three ternary eutectic reactions (marked by 'E') and one ternary peritectic reaction (marked by 'P') in this system. Three isoplethal sections of the As-Ga-Zn ternary system along GaAs-Zn, GaAs-As 2 Zn 3 and GaAs-As 2 Zn cuts are shown in Fig. 4a to c, respectively. In agreement with Panish [3] and Pelevin et al. [6] , along the GaAs-Zn cut three primary fields appear upon crystallization: GaAs (0-71.0 at.%Zn), As 2 Zn 3 (71.0-∼100 at.%Zn) and Zn (at about 100 at.%Zn). Our calculation shows that there is only one thermal event (polymorphic transformation β → α ) at the temperature range 883-918 K, similar to that predicted by Panish [3] . However, Pelevin et al. [6] have registered two thermal effects at this temperature range.
Moreover, according to both [3] and [6] , As 2 Zn 3 should precipitate along the GaAs-Zn cut at a slightly lower Zn composition and in a wider temperature range, while our calculation contradicts that. For instance, in both studies, at the composition of 68 at.%Zn, 16 at.%As, 16 at.%Ga (marked with the dashed line in Fig. 4a ), As 2 Zn 3 was the first solid phase reported to form on crystallization. We compare the Scheil solidification simulations of 68 at.% Zn composition along GaAs-Zn cut and along the As-rich and As-poor sides of this cut (with the same zinc composition) in Fig 4-d . In a Scheil solidification simulation which utilizes a non-equilibrium condition, it is assumed that the solid phases are frozen and the diffusion occurs only in the liquid phase. Clearly, in the As-rich side of the GaAs-Zn cut (line 1), As 2 Zn 3 is the first solid phase to form but on the As-poor side (line 3), GaAs forms first. To compare
As-Ga
As-Zn As-Ga-Zn Ga-Zn with the equilibrium condition, the isopleths along the As-rich (x As − x Ga = 0.2) and As-poor (x Ga − x As = 0.2) sides of the GaAs-Zn cut are calculated (see Fig. A .6 in Supplementary Information). These isopleths also confirm the precipitation of As 2 Zn 3 as the first solid phase at the composition of 68 at.%Zn at the As-rich side of the GaAs-Zn cut. The GaAs-As 2 Zn 3 vertical section is shown in Figure 4 -b and the experimental data of Köster and Ulrich [2] and Panish [4] are superimposed on the diagrams. The calculated and the measured temperatures of the first and the second thermal events are in agreement. However, the third thermal event at around 1000 K which should be the temperature of the reaction E 1 according to [4] does not occur exactly along this cut. The Scheil solidification simulation (not shown here) shows that this reaction occurs at the As-rich side of this cut.
The third calculated vertical section, GaAs-As 2 Zn, is shown in Figure 4 -c. The experimental temperatures measured by Köster and Ulrich [2] are compared to the calculated values. The first thermal effect is the surface of the liquidus, the second one is the quasi-binary eutectic reaction between GaAs and As 2 Zn.
Summary. We have thermodynamically assessed the As-Zn and As-Ga-Zn systems using the CALPHAD method, taking the available first principles and experimental data into account. A set of self-consistent parameters are optimized and presented in this work. We have compared the calculated As-Zn binary phase diagram and isoplethal sections and liquidus projection of the As-Ga-Zn ternary phase diagram with experimental data from the literature. There is a very good agreement between the experimental and calculated values. Pelevin et. al. [6] Koster and Ulrich [2] Panish [4] Koster and Ulrich [2] Koster and Ulrich [2] α´-As 2 Zn 3 +GaAs Figure 4 : (a) GaAs-Zn, (b) GaAs-As 2 Zn 3 and (c) GaAs-As 2 Zn isoplethal sections of the As-Ga-Zn phase diagram. The experimental data are superimposed on the diagrams by symbols: diamond [2] , square [3] , triangle [4] and circle [6] . (d) Scheil solidification simulations of the 68 at.% Zn composition along the GaAs-Zn cut (line 2), As-rich (line 1) and As-poor (line 3) side of the same cut. 
